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Program, Texas A&M University, College Station, TexasABSTRACT Peptide-based hydrogels are attractive biological materials. Study of their self-assembly pathways from their
monomer structures is important not only for undertaking the rational design of peptide-based materials, but also for under-
standing their biological functions and the mechanism of many human diseases relative to protein aggregation. In this work,
we have monitored the conformation, morphological, and mechanical properties of a hydrogel-forming peptide during hydroge-
lation in different dimethylsulfoxide (DMSO)/H2O solutions. The peptide shows nanofiber morphologies in DMSO/H2O solution
with a ratio lower than 4:1. Increased water percentage in the solution enhanced the hydrogelation rate and gel strength. One-
dimensional and two-dimensional proton NMR and electron microscopy studies performed on the peptide in DMSO/H2O solution
with different ratios indicate that the peptide monomer tends to adopt a more helical structure during the hydrogelation as the
DMSO/H2O ratio is reduced. Interestingly, at the same DMSO/H2O ratio, adding Ca
2þ not only promotes peptide hydrogelation
and gel strength, but also leads to special shear-thinning and recovery properties of the hydrogel. Without changing the peptide
conformation, Ca2þ binds to the charged Asp residues and induces the change of interfiber interactions that play an important
role in hydrogel properties.INTRODUCTIONPeptide-based hydrogel is an attractive material for biolog-
ical applications in tissue engineering, drug delivery, and
three-dimensional (3D) cell culture (1–3). Understanding
of how do the peptide, conformations, assembly properties,
and dynamic behaviors respond to external parameters has
led to the rational novel design of various peptide biomate-
rials (4,5). Recently, most artificial peptide hydrogels have
been achieved by synthesizing peptide sequences with alter-
nating charged and noncharged amino acids or blocks of
hydrophobic and hydrophilic copolymers (3,6,7). These
designs allow the peptide monomers to fold into stable
a-helical or b-sheet structures that separate the hydrophobic
domain from the hydrophilic domain within a monomer.
With hydrophobic association, peptide monomers assemble
as nanofibers and further cross-link to a network through
interfiber interactions. The nanofiber and hydrogel-like
formations in native systems such as collagen, extracellular
matrices, and the aggregation of amyloid peptides in Alz-
heimer’s disease have characteristics similar to those of
artificial peptides, but the formations rely on more complex
molecular structures (8–12). Studying the self-assembly
pathways of these native molecules is a key challenge in
understanding their biological functions and the mechanism
of many human diseases.
In addition, many novel peptide designs have successfully
incorporated biofunctionality, biocompatibility, and biode-Submitted February 20, 2012, and accepted for publication July 18, 2012.
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building blocks (13–17). These biological properties have
stimulated the development of hydrogels as injectable
systems for potential biomaterial applications. The most
prevalent injectable hydrogels have been designed as free-
flowing solutions. After syringe injection into the target
position, the sol-gel transition of these peptide solutions
could be triggered by physiological pH, temperature, or
even photoinitiated hydrogelation, however, leakage of gel
precursor solutions into neighboring tissue or the blood-
stream causes unexpected problems with free-flowing in-
jected systems (18,19). Since 2002, Pochan, Schneider,
and co-workers have been developing a series of b-hairpin
peptide hydrogels with special shear-thinning and rapid
recovery properties (16,20,21) that provide an alternate
strategy for injectable hydrogel therapies. The hydrogel
scaffolds are fractured into small domains under proper
shear stress, which leads to the liquid-like gel flowing prop-
erties. When the shear ceases, these hydrogel domains
immediately percolate and cross-link into a network and
recover solid-like behavior (22). Similar physical properties
were also found in self-assembling multidomain peptides by
Hartgerink’s group (23,24). These peptides contain a series
of (Gln/Ser)-Leu repeats that are flanked by positively or
negatively charged residues on each side. With the develop-
ment of the protein engineering, some protein-based hydro-
gels were also designed with injectable properties for cell
culture and the drug delivery system (25). Tirrell and co-
workers developed a hydrogel material from recombinant
telechelic proteins, which behaves as shear thinning by threehttp://dx.doi.org/10.1016/j.bpj.2012.07.027
980 Huang et al.orders of magnitude at 500% shear strain but resets to full
elastic stiffness in seconds after injection (26). In addition,
protein-protein interaction between the complementary
peptide domains is also applied as a molecular-recognition
gelation strategy for protein-based physical hydrogel devel-
opment (27). By using two protein components containing
WW and proline-rich peptide domain, Heilshorn and co-
workers developed a serial of injectable materials named
mixing-induced, two component hydrogels (MITCHs)
(27).The self-healing rate of MITCH hydrogels are depen-
dent on the binding strength of two components. Although
the shear thinning system presents advantages and potential
in many biomedical fields, rational design of these materials
with controllable physical properties is still limited because
of the lack of understanding at molecular level of the
assembly pathways and interfiber interactions of hydrogel
materials.
Interestingly, we found similar mechanical reversible
properties in a native protein sequence-based peptide hydro-
gel from our laboratory in 2010 (28). The peptide sequence
FLIVIGSIIGPGGDGPGGD (h9e) was rationally built from
two functional native proteins: the FLIVIGSII segment
of human muscle L-type calcium channel (29) and the
(GPGGX)n segment of b-spiral motif of spider flagelliform
silk protein (30,31). Asp was selected in X positions for
Ca2þ-sensitive nanofiber formation (5). The h9e peptide
could be induced to form two distinct hydrogels by adding
Ca2þ and adjusting pH, respectively, and only the h9e
Ca2þ hydrogel exhibited the special shear-thinning and
rapid recovery properties (28). This phenomenon excluded
the effect of sequence difference on hydrogel properties
and led us to focus on the effect of the peptide monomer
self-assembly pathway and interfiber interactions on hydro-
gel shear-thinning and rapid recovery properties. The native
sequence of this peptide was outside the model of the
regular artificial amphiphilic peptide; therefore, predicting
a proposed self-assembly pathway from its primary and
secondary structure became difficult. Thus, we undertook
the conformational study of the peptide monomer to under-
stand the assembly of a peptide hydrogel and its interfiber
interactions.
Initially, we tried to use proton NMR spectroscopy to
monitor the conformational changes of peptide monomers
during the gel-forming process in water-based solutions,
but the short gelling time and the semisolid state of the hy-
drogel caused broadening of proton resonances along with
a strong water peak and made the NMR assignment impos-
sible. To solve this problem, dimethylsulfoxide (DMSO)
was selected to dissolve h9e peptide in this study. By adding
H2O, we slowly converted the h9e DMSO solution into hy-
drogel and maintained the DMSO/H2O ratio lower than
4:1 (v/v). The hydrogelation time and gel stiffness depended
on the DMSO/H2O ratio. Proton NMR spectroscopy, trans-
mission electron microscopy (TEM), and rheological
studies of h9e peptide in different DMSO/H2O ratios re-Biophysical Journal 103(5) 979–988vealed the conformational, morphological, and mechanical
changes during hydrogel formation. In addition, we added
Ca2þ to the h9e DMSO/H2O solution to enhance hydrogel
formation. Similar to a water-based solution, Ca2þ pro-
moted shear-thinning and rapid recovery properties in the
DMSO/H2O solution by exhibiting faster recovery and
a higher recovery strength percentage in mechanical studies.
Further studies of the peptide hydrogel in different Ca2þ
concentrations emphasized that, besides the peptide mono-
mer assembly into the individual nanofibers, interfiber
interactions were another important factor contributing to
physical properties of peptide hydrogel.MATERIALS AND METHODS
Materials
N,N-dimethylformamide (DMF), trifluoroacetic acid (TFA), piperidine,
N,N-diisopropylethylamine (DIEA), triisopropylsilane (TIS), calcium
chloride (CaCl2), and DMSO were purchased from Sigma-Aldrich (Mil-
waukee, WI). N-methylpyrrolidinone (NMP), anhydrous ether, and di-
chloromethane (DCM) were purchased from Fisher Scientific (Pittsburgh,
PA). Rink amide MBHA resin, 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (HBTU), and all protected amino acids
were purchased from EMD Biosciences (San Diego, CA). N-hydroxyben-
zotriazole (HOBT) was purchased from CEM (Matthews, NC). Deuterium
oxide (D2O), sodium deuteroxide (NaOD), and deuterated dimethyl sulf-
oxide (DMSO-D6) were purchased from Cambridge Isotopes Laboratories
(Andover, MA).Peptide synthesis and hydrogel preparation
The h9e peptide was synthesized according to a previously published
protocol (28). Briefly, based on the base-labile 9-fluorenylmethoxycarbonyl
(Fmoc) strategy, peptides were synthesized on an automated CEM Liberty
microwave peptide synthesizer (CEM,) with Rink amide resin and Fmoc-
protected amino acids. The N-terminal Fmoc group was the final-depro-
tected. The resin-bound peptides were side-chain-deprotected and cleaved
using TFA/TIS/water (95/2.5/2.5 v/v). After cleavage, peptides were
precipitated and washed three times with anhydrous ether. The peptide
samples were dried in air overnight and dissolved in acetonitrile and deion-
ized water (50/50 v/v), and then freeze-dried. Molecular weight and purity
of the synthesized peptides were confirmed by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectroscopy and high-performance
liquid chromatography.
Lyophilized peptide was completely dissolved in 100% DMSO with
a peptide concentration of 6 mM. Water and DMSO were added to peptide
DMSO solution for the final peptide concentration of 3 mM and DMSO/
H2O ratio as 9:1, 4:1, and 7:3 (v/v), respectively. Peptide solutions were hy-
drogelated at room temperature. To prepare h9e hydrogel with Ca2þ, CaCl2
was first dissolved in 100% DMSO, and then added to h9e solution for the
finial Ca2þ/peptide ratio of 1:1, 2:1, and 10:1, respectively. Afterward, the
final DMSO/water ratio was adjusted to 9:1, 4:1, and 7:3 (v/v).TEM
TEM samples were prepared by a negative staining method as follows: 1),
prepare staining solution of 2 wt.% uranyl acetate in water and place a drop
(~100 ml) of the aqueous solution onto a parafilm surface; 2), glow
discharge TEM Cu grids that are coated with continuous carbon support
film; 3), place a small drop of the sample solution (~5 ml) onto the top
Structural Study of a Peptide Hydrogel 981surface of the TEM grids for 1 min; 4), flip the TEM grids upside down and
let it float on the top surface of the staining solution for 20 s; 5), pick up the
TEM grids and dry in air. The TEM work was carried out using a FEI
Tecnai G2 F20 with field emission gun, at a working voltage of 200 kV.
All images were acquired as zero-loss images by excluding the inelastic
scattering electrons using Gatan Image Filter. The elemental mapping
was performed using a jump-ratio method.NMR
The one-dimensional (1D) and two-dimensional (2D) 1H-1H NMR experi-
ments were performed on a Varian 500 NMR System (Varian, now Agilent
Technologies, Palo Alto, CA) equipped with a 5 mm cryogenic triple-reso-
nance inverse detection pulse field gradient probe operating at 499.84 MHz
for 1H frequency. 2D- 1H-1H total correlation spectroscopy (TOCSY) and
nuclear Overhauser effect spectroscopy (NOESY) data were acquired in
phase-sensitive (States-TPPI) mode into 2000 t2 and 256 t1 points with
a spectral width of 13 ppm in each dimension, and four transients per
increment. Spin-lock time of 80 ms at a B1 field strength of 7.0 KHz was
used for TOCSY experiments, and mixing times of 200 and 400 ms were
used for NOESY experiments. All experimental data were zero-filled to
4 K data points in the t2 dimension, and, when necessary, the spectral reso-
lution was enhanced by Lorenzian-Gaussian apodization. DMSO-D6 peak
(2.5 ppm for 25C) was considered a reference for chemical shift assign-
ments. Data processing was done using VnmrJ2.2c (Varian, now Agilent
Technologies) and analyzed using Sparky - NMR Assignment and Integra-
tion software (32).Structure calculations
Structure calculations were performed using standard methods based on
the unambiguously identified and classified NOE crosspeaks. NOE cross-
peaks were assigned to interproton distance constraint ranges based on their
peak intensities; values given to each category of crosspeaks were strong
(1.8–2.7 A˚), medium (1.8–3.5 A˚), weak (1.8–4.0 A˚) (33). Upper
distance limits for NOEs involving methyl protons and nonstereo specifi-
cally assigned methylene protons were corrected appropriately for center
averaging.
The assigned distance constraints were used as input in the calculation of
peptide structures starting from an extended structure. The initial extended
structure was created from the amino acid sequence using the program
Crystallography & NMR System (CNS) version 1.1. CNS uses both a simu-
lated annealing protocol and molecular dynamics to produce low-energy
structures with the minimum distance constraint violations. From 100
generated structures, a subset of structures with the lowest overall energies
and lesser dihedral angle violation were selected as representative
structures.Dynamic light scattering analysis
A ZetaPALS (Brookhaven Instruments, Holtsville, NY) was used to
measure the hydrodynamic diameters of h9e amorphous aggregation in
100% and 90% DMSO solution with 0 and 30 mM Ca2þ. 3 mM peptide
solution was prepared at room temperature over night and then diluted in
HPLC-grade water at 1:300 ratio. The samples were measured at 25C
and 658 nm wavelength.Rheological tests
A C-VOR 150 rheometer system (Malvern Instruments, Malvern, UK) was
used to determine the storage and loss moduli (G0 and G00, respectively) of
h9e hydrogels with a 20-mm diameter parallel plate geometry and 500 mm
gap size at 25C. The peptide DMSO/H2O solution was placed on themeasuring system immediately after mixing for a gel-forming rate test.
Single frequency (1 Hz) and steady shear strain (1%) were selected for
a 2-h test. The frequency sweep test was conducted under 1% shear strain
with a frequency range from 0.01 to 10 Hz. To determine the linear visco-
elastic regime of h9e hydrogel, 3 mM peptide with 0, 3, and 30 mM Ca2þ
was prepared in 70% DMSO solution and allowed for gelation for 12 h, and
evaluated with an amplitude sweep test with shear strain ranging from
0.01% to 500%. To determine the shear-thinning and recovery capability
of the hydrogel, the peptide in 70% DMSO solution was incubated at
room temperature overnight for hydrogelation, and then transferred to
a lower measuring plate for a 1-h, single-frequency test (1 Hz, 1% strain).
The hydrogel was disturbed using 1 Hz frequency and 500% shear strain for
1 min. Afterward, resetting the instrument parameters took 1 min, and the
hydrogel moduli during the reassembly period were measured under 1 Hz
frequency and 1% shear strain for 1 h.RESULTS AND DISCUSSION
The peptide h9e dissolved very well in 100% DMSO. Add-
ing H2O to the h9e DMSO solution allowed the peptides to
pack into their corresponding nanofiber structure in an
orderly fashion and induced the self-supported hydrogel
formation when the DMSO/H2O ratio was lowered to 4:1.
This hydrogelation process was enhanced by increasing
the water percentage. For example, when DMSO/H2O ratio
was 4:1, hydrogel formation took ~48 h. This process was
completed within 2 h at a DMSO/H2O ratio of 7:3 and low-
ered to 50 min when the DMSO/H2O ratio reached 1:1. The
morphological properties of peptide solutions with different
DMSO/H2O ratios observed by TEM confirmed this hydro-
gelation process. Fig. 1 A shows a diffuse amorphous
morphology of h9e peptide in 100% DMSO. The peptides
dispersed homogeneously in the visual field without
obviously ordered aggregation. This amorphous mor-
phology was maintained with more anisotropic aggregations
of individual peptides when DMSO/H2O ratio was 9:1
(Fig. 1 B). Dynamic light scattering (DLS) measurement
further confirmed this visible increasing of molecular size
by showing the hydrodynamic diameter of peptide amor-
phous structure 79.65 nm in 100% DMSO and 126.60 nm
in 90% DMSO (Fig. S1 in the Supporting Material). The
90% DMSO h9e solution was stable in a free-flowing liquid
state for more than 1 month after it was prepared. The
nanofiber morphology with ~5 nm diameter appeared at
80% DMSO h9e solution (Fig. 1 C) and became clearer
and denser when the DMSO/H2O ratio was decreased to
7:3 (Fig. 1 D).
To further understand the molecular conformation
changes during peptide hydrogelation, 1D and 2D proton
NMR experiments were performed at the Biomolecular
NMR facility, using a 500 MHz NMR instrument equipped
with a 5 mm triple resonance inverse detection cryogenic
probe, which allowed the assignment of the proton reso-
nances of peptide in DMSO/H2O solution at increasing
water concentration. Based on the proton resonance assign-
ments in both 2D 1H-1H TOCSYand NOESY spectra of h9e
in 100% DMSO (Fig. S2), the calculated monomericBiophysical Journal 103(5) 979–988
FIGURE 1 TEM images of h9e peptide in 70–
100% DMSO solutions without Ca2þ. (A) h9e
peptide in 100% DMSO solution. (B) h9e peptide
in 90% DMSO solution. (C) h9e peptide in 80%
DMSO solution. (D) h9e peptide in 70% DMSO
solution.
982 Huang et al.structure of the h9e peptide (Fig. 2 A) showed a helical
conformation with the C-terminal residues bent back into
the helix, thus allowing the potentially charged side chains
of the Asp residues to come into proximity. Analysis of the
predicted surface of the monomeric peptide (Fig. 2 A)
structures presented segregation of the hydrophobic (gray
color) and hydrophilic side chains (red color). In addition,
the Chemical Shift Index (CSI) for the alpha protons of
each amino acid residue in different DMSO/H2O ratio
solutions was calculated (Fig. 2 B) as an indicator of the
peptide backbone conformation. In 100% DMSO, a more
b-sheet-like structure appeared for the hydrophobic resi-
dues (Leu-2, Ill-3, Val-4, and Ill-5) of the N-terminal
compared with the helix or turn-like structure present
for the nonhydrophobic residues of the C-terminal. With
increasing water concentration, the peptide solution
became more and more gel-like, and the backbone confor-
mation of the whole monomeric peptide was inclined to
adopt a more helix-like structure. Especially in the
N-terminal region, the significant decrease of CSI values
for residue Leu-2 to Ile-9 indicated the change of this
b-strand-like domain segment into a turn- or twist-like
structure. Interestingly, unlike most native or artificial
hydrogel peptides in which a stable b-sheet-like molecular
structure is preferred for hydrogelation (34–36), this helix-
like structure-induced hydrogelation is rarely seen in a
native protein sequence-based peptide. Although the segre-
gation of the hydrophobic and nonhydrophobic side chains
of the monomeric h9e structure was observed in terminal-
to-terminal direction in 100% DMSO solution, the top view
(Fig. 2, A and C), of the calculated peptide structure
showed that both the side chains of the hydrophobic resi-
dues (gray color, Fig. 2 C) and the potentially charged
Asp residues (red color, Fig. 2 C) were crowded to one
side perpendicular to the terminal-to-terminal direction.Biophysical Journal 103(5) 979–988We suggest that on adding water to the h9e DMSO
solution, along with peptide hydrogelation, the backbone
conformational changes caused turning of the hydrophobic
domain and bent some of their side-chains perpendicular to
the terminal-to-terminal direction from one side to the
other and resulted in extension of the terminal-to-terminal
distance (Fig. 2 C), which further separates the hydro-
phobic and potentially charged segment in both directions.
The stacked hydrophobic interactions benefited from this
further segregation and may have contributed the assembly
of the peptide monomers to the nanofiber (see Fig. 2 E).
The calculated monomeric structure of the h9e peptide in
100% DMSO was ~1.67 nm in width and 1.92 nm in
length (Fig. 2 D), which could extend to more than 2 nm
in length during the hydrogelation. Therefore, according
to the hydrophobic stacked peptide assembly pathway, a
4–5 nm nanofiber diameter could be expected. The 5 nm
nanofiber diameter observed under TEM (Fig. 1 C)
matched this expectation quite well. The rheological tests
of h9e DMSO/H2O solutions further demonstrated the
morphological and conformational properties of peptide
hydrogelation (Fig. 2 F). During the 2-h test, 90%
DMSO h9e solution remained in liquid form and showed
very weak elastic modulus (G0, ~0 Pa). With increasing
water concentration, the G0 of peptide solution with 70%
DMSO increased slowly and reached ~80 Pa at the end
of the test. For h9e peptides in 50% DMSO solution, the
G0 reached 100 Pa within 50 min and kept increasing
within the test time, indicating the much faster formation
of the self-support hydrogel with stronger gel stiffness.
Moreover, we prepared peptide/DMSO/water mixtures
and held at room temperature for 48 h to stabilize the
hydrogel. The frequency sweep test of finial hydrogel
materials exhibited that h9e in 90% DMSO was still in
low viscous liquid form, G0 of h9e hydrogel in 70%
FIGURE 2 Monomeric study of peptide hydrogelation. (A) Calculated monomeric structure of h9e in 100% DMSO (hydrophobic, nonhydrophobic, and
Asp side-chain surfaces colored as gray, green, and red, respectively). (B) Chemical Shift Index for peptide in 70–100% DMSO solution without Ca2þ.
(C) Increasing water concentration of DMSO/H2O solvent mixture induces the helix turning of peptide backbone, which leads to a further segregation of
hydrophobic (gray) and hydrophilic (red) domains. (D) Molecular size of h9e peptide in 100%DMSO. (E) Proper stacked hydrophobic interactions contribute
to peptide assembly for nanofiber formation. (F) Mechanical property of peptides in 90%, 70%, and 50% DMSO during the first 2 h of hydrogelation.
Structural Study of a Peptide Hydrogel 983DMSO was stable around 100 Pa, and G0 of h9e hydrogel
in 50% DMSO reached over 1000 Pa (Fig. S3).
Further studies were focused on the shear-thinning and
rapid recovery properties of h9e hydrogel with Ca2þ ions.
Similar to the water-based h9e solution, peptides in
DMSO/H2O solution responded to Ca
2þ and exhibited a
significant decrease in hydrogelation time with Ca2þ. For
example, with 50 mM Ca2þ, the hydrogelation time of
5 mM h9e peptide in 80% DMSO solution was 30 min
compared with 2 days for that without Ca2þ. The TEM
observation of h9e peptide with Ca2þ (the peptide/Ca2þ
ratio is 1:10) in different DMSO/H2O ratio solutionsdemonstrated that these metal ions triggered nanofiber-
forming promotion (Fig. 3). In 100% DMSO solution, there
were more anisotropic aggregations of individual peptides
with Ca2þ (Fig. 3 A) compared with those without Ca2þ
(Fig. 1 A). DLS data supported this TEM observation by
showing the hydrodynamic diameter increased from 79.65
to 227.54 nm of peptide amorphous structure in 100%
DMSOwith and without Ca2þ (Fig. S1). These aggregations
became more fiber-like morphologies when DMSO was
reduced to 90% (Fig. 3 B). Again, the hydrodynamic diam-
eter of the peptide anisotropic aggregations increased
dramatically from 126.60 to 568.17 nm when Ca2þ wasBiophysical Journal 103(5) 979–988
FIGURE 3 Morphological and rheological
properties of h9e peptide in DMSO/H2O solution
with Ca2þ (A–D) TEM images of 3 mM h9e
peptide in 70–100% DMSO solution with 30 mM
Ca2þ. (E) Calcium elemental map of 3 mM h9e
peptide in 70% DMSO with 30 mM Ca2þ (same
area as D).
984 Huang et al.added into this peptide DMSO solution (Fig. S1). With the
same Ca2þ concentration, the nanofiber morphology turned
clearer with the increased water concentration in the
DMSO/H2O solvent (Fig. 3, C and D). Fig. 3 E is the
calcium elemental map that only shows the Ca2þ distribu-
tion. It is evident that the Ca2þ ions did exist and were
evenly located in the same area of peptide nanofiber matrix
in 70% DMSO solution as Fig. 3 D, which gives a visual
evidence of the medal ions involved in hydrogelation.
In addition, the Ca2þ induced a faster hydrogelation
process and stronger gel stiffness than that without Ca2þ
of the identical peptide concentration in the same DMSO/
H2O solution. To further explore this hydrogel forming
process corresponding to the specific shear-thinning and
rapid recovery property of h9e hydrogel, we prepared
3 mM h9e peptide in 70% DMSO solution with Ca2þ
concentration 0, 3, and 30 mM, respectively. The hydrogel
forming process was monitored under a time sweep test of
a rheometer right after the peptide and Ca2þ solutions
were mixed. The rheological data (Fig. 4 A) show that,
with 3 mM Ca2þ concentration, the peptide had an almost
identical hydrogelation rate as that without Ca2þ for the first
2 h (7200 s) of testing time, however, the frequency sweep
data of the stabilized gel materials by 12 h presents that
the stiffness of 3 mM h9e with 3 mM Ca2þ was around
450 Pa, which was much higher than 100 Pa of that without
Ca2þ (Fig. S4). As Ca2þ increased to 30 mM, the h9e
peptide showed a dramatically fast hydrogelation rate
(Fig. 4 A) and had over 1000 Pa in gel strength, which
was confirmed by the frequency sweep test obtained at
12 h gelling time (Fig. S4). In addition, we performed an
amplitude sweep test with a shear strain range from 0.01%
to 500% to identify the linear viscoelastic regime of the
3 mM h9e peptide hydrogel with 0, 3, and 30 mM Ca2þ
(Fig. S5). The rheological data exhibit that the hydrogelBiophysical Journal 103(5) 979–988was intact when shear strain was smaller than 4% but
disturbed as shear strain increased, and was completely de-
stroyed when shear strain was higher than 100% (Fig. S5).
According to this result, we further studied the mechanical
property of h9e hydrogel with different Ca2þ concentrations
with 1% shear strain for 1 h and 500% shear stain for 1 min,
and then monitoring the gel recovery process with 1% shear
strain for 1 h. There was 1 min waiting time applied between
each test phase to reset the shear strains. Fig. 4 B shows that,
without Ca2þ, only ~30% of the gel was recovered during a
1 min waiting time (Fig. 4 B). The recovery rate of this hy-
drogel was very slow, and restored only ~40% after 1 h.
With Ca2þ, the gel strength recovered much faster. For
example, ~60% and 75% gel strength was recovered after
the 1 min waiting time for the hydrogels with 3 mM and
30 mM Ca2þ, respectively. After 1 h, ~80% gel strength
of both hydrogels was recovered. Like hydrogel in an
aqueous environment (28), the construction of h9e hydrogel
with Ca2þ presents a much faster reassemble capability than
that without Ca2þ after mechanical disturbance in DMSO/
H2O solution. Interestingly, the effect of Ca
2þ on h9e
peptide hydrogelation was observed only when the water
percentage was high enough to promote peptide assembly
into hydrogel. In 100% or 90% DMSO, h9e solution was
still in liquid form, even adding enough concentration of
Ca2þwith a long incubation period. On the other hand, there
was no significant change in the a proton CSI of h9e peptide
in 70% DMSO solution with 0, 3, or 6 mM Ca2þ (Fig. 4 C),
which suggests that the monomeric structures of peptides
are almost identical in these solutions. This phenomenon
indicates that the conformational promotion of peptide
monomeric structure is the primary requirement for peptide
self-assembly into hydrogel. When the required structure is
available, h9e peptides would follow a similar pathway for
nanofiber assembly, and the surrounding Ca2þ ions may
FIGURE 4 Mechanical and monomeric structural properties of h9e peptide in 70% DMSO solution with/without Ca2þ. (A) G0 of h9e hydrogel in 70%
DMSO solution with 0, 3, and 30 mM Ca2þ. (B) Shear-thinning and recovery properties of h9e hydrogel in 70% DMSO solution with 0, 3, and 30 mM
Ca2þ. (C) Chemical Shift Index of h9e peptide in 70% DMSO solution with 0, 3, and 6 mM Ca2þ.
Structural Study of a Peptide Hydrogel 985promote the hydrophobic stacked interaction by capturing
the charged Asp residues on the opposite site, and further
influence the interfiber interactions of peptide hydrogel.
The effect of Ca2þ charge screening on mechanical prop-
erties of other types of peptide hydrogels has been reported
(37–39). The research suggests that, besides the strength of
individual nanofibers, interfiber interactions, which are rela-
tive to the charge screen of Ca2þ, were considered important
contributors to gel stiffness. Therefore, in addition to the
differences in the rheological data presented previously,
the morphological properties of interfiber interactions of
hydrogel with/without Ca2þ were also observed. Fig. 5 A
shows the unbent nanofiber with various lengths of h9e
hydrogel in 70% DMSO without Ca2þ. Most junction points
of nanofibers of this 3D network are static points, where
the noncovalent attractive interactions such as hydrogen
bonding, hydrophobic, or van der Walls interactions domi-
nate the bunch between nanofibers (see Fig. 5D). Such junc-
tions cannot reform after they are broken, which may relate
to the mechanical irreversibility of the corresponding hydro-
gel. In contrast, more flexible nanofibers with more uniform
long lengths were observed in h9e 70% DMSO hydrogel
with 3 mM Ca2þ (Fig. 5 B). Although some static junctions
remained, most nanofibers in this hydrogel network wereheld together by dynamic entanglements (see Fig. 5 E).
Compared with the bunch of nanofibers in static points,
the entanglement crossings of nanofibers with enough fiber
length were healed much more easily after they were
broken. Increasing the Ca2þ concentration to 30 mM
rendered the dynamic entanglements of nanofibers even
more obvious with rare static junctions (Fig. 5, C and F).
High-magnification TEM images (Fig. 5, G and H), show
that the nanofiber of hydrogel with 3 mM Ca2þ is composed
of two individual fibers, which indicates a stack of two fibers
(Fig. 5 I). Higher Ca2þ concentration (30 mM) occupied
most charged Asp residues on the nanofiber surface, which
affected the interfiber interaction and led to individual fibers
with a 5 nm diameter (Fig. 5 J). The higher occupation of
Ca2þ on the surface may prevent the attracted interactions
between nanofibers at static junctions.CONCLUSIONS
The h9e peptide presents an amphiphilic structural property
with C-terminal proximity of potentially charged Asp
residues in DMSO solution. With increasing water concen-
tration in a DMSO/H2O solvent mixture, the peptide mono-
mer tends to adopt a more helical structure, which enhancesBiophysical Journal 103(5) 979–988
FIGURE 5 Morphological properties of interfiber interactions of h9e hydrogel in 70% DMSO solution with/without Ca2þ. (A and D) Unbent nanofibers
with various fiber lengths of hydrogel without Ca2þ showing static junctions (circle, yellow online). (B and E) Both dynamic entanglements (dashed circle,
red online) and static junctions (circle, yellow online) were observed in peptide hydrogel with 3 mM Ca2þ with flexible and more uniform long-length nano-
fibers. (C and F) The peptide network was held by dynamic entanglements (dashed circle, red online) of hydrogel with 30 mM Ca2þ. (G and I) Nanofiber of
h9e hydrogel with 3 mM Ca2þ is composited by stacking of two individual fibers. (H and J) Ca2þ occupying most charged Asp residue on fiber surface leads
to nanofiber with 5 nm diameter of hydrogel with 30 mM Ca2þ.
Biophysical Journal 103(5) 979–988
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Structural Study of a Peptide Hydrogel 987the stacked hydrophobic interactions for nanofiber forma-
tion. Peptides self-assemble into clear nanofiber mor-
phology when the DMSO/H2O ratio is lower than 4:1. The
hydrogelation rate and gel strength are improved when
water percentage is increased. With the same DMSO/H2O
ratio, Ca2þ could enhance the hydrogelation rate and stable
gel strength and cause the peptide hydrogel to exhibit
special shear-thinning and rapid recovery properties. Instead
of changing the peptide monomeric structure, Ca2þ
occupies the charged Asp residues on the fiber surface and
further influences the interfiber interactions of peptide
hydrogel. Compared with static junctions of nanofibers of
hydrogel in 70% DMSO without Ca2þ, entanglement cross-
ings of nanofibers hold the networks of peptide hydrogel
with Ca2þ, which may play an important role in hydrogel
shear-thinning and rapid recovery property. This study helps
us understand the assembly pathways of peptide monomers
into their corresponding nanofiber structures and may lead
to the development of new biological materials with con-
trolled stiffness and shearing-respondent behaviors.SUPPORTING MATERIAL
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